ABSTRACT Transmission, scattering, and absorption by a layer of dielectric cylinders are studied in the context of microwave propagation through vegetation. The electromagnetic fields are calculated by numerical solutions of 3D Maxwell equations (NMM3D) using the method of Foldy-Lax multiple scattering equations combined with the method of the body of revolution (BOR). Using the calculated transmission, we derive, the ''tau'', the optical thickness, which describes the magnitude of the transmission. Two cases are considered: the short-cylinder case and the extended-cylinder case. The case of short cylinders is that the lengths of cylinders are much smaller than the layer thickness, while the case of extended cylinders is that the lengths of the cylinders are the same as or comparable to the layer thickness. Numerical results are illustrated for vertically polarized plane waves obliquely incident on the layer of cylinders. The NMM3D results for the extended-cylinder case show large differences of transmission from the results of the other approaches, such as the effective permittivity (EP), the distorted Born approximation (DBA), and the radiative transfer equation (RTE). For the case of short cylinders, the NMM3D results are in close agreement with those of EP, DBA, and RTE.
I. INTRODUCTION
Propagation, scattering and transmission of waves through a layer of finite-length dielectric cylinders have many applications including airborne and satellite microwave remote sensing over vegetation and forests, wireless communications in forests, radar foliage penetration (FoPen), metamaterials of wires, etc. [1] - [9] . In vegetated surfaces, the finite length dielectric cylinders have been used to model grass, wheat, corn, rice, tree trunks of forests, etc. [10] - [16] . A key calculation is the transmission of microwaves through such a canopy. The fraction of power transmitted for a plane wave at normal incidence is represented by exp (−τ ). The quantity τ , ''tau'', has been extensively used in active and passive microwave remote sensing [17] - [19] . The phase shifts have been used in SAR interferometry [20] - [23] .
The existing methods used in the calculation of transmission are the effective permittivity (EP) [24] , the distorted Born approximation (DBA) [10] , and the vector radiative transfer equation (RTE) [25] . These three approaches make an assumption that the positions of the scatterers are statistically homogeneous in 3D. This means that the scatterers are uniformly distributed. The formulas of transmission utilize the scattering and absorption cross sections of a single scatterer which are averaged over distributions of sizes FIGURE 1. Extended cylinders with lengths comparable to layer thickness. Incident plane wave. The area marked T is the transmission reception area at 1 cm below the layer. The area marked R is the reflection reception area at 1 cm above the layer.r j is the center of jth cylinder.r c is the center of the vegetation canopy. and orientations. A consequence is that there exists a per unit distance effective propagation constant k eff . In the approach of EP [24] , the effective permittivity ε eff is used to calculate the effective propagation constant by the relation k 2 eff = k 2 ε eff /ε, where k and ε are the propagation constant and permittivity of the background medium, respectively. The per unit distance attenuation rate κ e (extinction coefficient) is twice the imaginary part of the effective propagation constant [20] , [25] . The product of κ e and the layer thickness d gives τ . The product of the real part of the effective propagation constant k eff and the layer thickness d gives the phase shift of transmission.
Full wave simulations by numerical solutions of 3D Maxwell equations (NMM3D) of random rough surfaces have been performed for more than a decade [26] . NMM3D simulations for dense random media such as terrestrial snow [27] , [28] began several years ago. We started NMM3D simulations of vegetation recently. In this paper, we study the scattering of a vegetation canopy consisting of thin dielectric cylindrical scatterers. The full wave approach for solving Maxwell's equations is based on the Foldy-Lax multiple scattering equations (FL) [25] , [29] combined with the body of revolution (BOR) [30] (FL-BOR). The transmission is calculated using Monte Carlo simulations where the cylinders, as many as 500, are generated in each realization. The purpose of Monte Carlo procedure is to simulate randomly placed receivers that are in the vegetation canopy. Instead of randomly placing the receiver, we fix the receiver location and randomly shuffle the cylinders to create the many realizations. A merit of FL-BOR is the much smaller number of surface unknowns using only 1-dimensional discretization of the surface of the cylinder combined with Fourier expansions in the azimuthal direction. In the usual 3D MoM codes, such as FEKO, the Rao-Wilton-Glisson (RWG) 2-dimensional basis functions are used. The results of transmission for C-band V-polarized (TM) incident wave are compared with those of EP, DBA and RTE. Two cases are studied: extended cylinders (FIGURE 1) and short cylinders (FIGURE 2). Extended cylinders mean that the cylinder lengths are the same as or comparable to the thickness of the vegetation layer. The NMM3D results in this paper are from a single PC with Intel Core i7-4790 CPU and 32 GB RAM.
The paper is organized as follows. In section II, we review the approaches and the results of EP, DBA and RTE. We illustrate the derivation of RTE using elemental cylindrical volumes. Such elemental cylindrical volumes can be constructed for the case of short cylinders, but are improbable for extended cylinders. In section III, we describe the approach of FL-BOR. In section IV, we validate the approach by comparing with the results from the method of combining Foldy-Lax equations with infinite cylinder approximation (FL-ICA). In section V, we describe the proce-FIGURE 2. Short cylinders statistically homogeneous in 3D and an RTE elemental volume. An RTE cylindrical elemental volume with cross-sectional area A and length l containing N scatterers [39] is drawn in black. n 0 is the number of scatterers per m 3 . The input and output intensities are I in and I out which are comparable with I = I out − I in . Each scatterer has σ a and σ s , the absorption and scattering cross section respectively. The area marked T is the transmission reception area at 1 cm below the layer. The area marked R is the reflection reception area at 1 cm above the layer.
dures of Monte Carlo simulations of NMM3D for transmission, reflection, absorption, emission and the profiles of the electric field in the vegetation canopy. In section VI, we illustrate the numerical results of short cylinders and extended cylinders. The simulations are performed at Cband (5.4GHz) with a vertically polarized plane wave at 40 degrees incident angle. In the Appendix, we derive the Foldy-Lax multiple scattering equations and the approach of FL-ICA.
II. RTE DERIVATION, DBA AND EP
We first review the derivation of the radiative transfer equation [20] , [31] - [33] for a random medium of discrete scatterers (FIGURE 2). Consider an RTE cylindrical elemental volume containing N scatterers. The elemental volume is defined by cross-sectional area A and length l as shown in FIGURE 2. The change of power as the wave passes through the cylindrical elemental volume is
The power change is caused by absorption and scattering by the scatterers inside the cylindrical elemental volume. Let σ a and σ s represent the absorption and scattering cross section of a scatterer, respectively. Then
Let the scatterers per unit volume be n 0 . Then N = n 0 Al. Substituting it into equation (2) and comparing with equation (1), we get P = (I out − I in ) A = −n 0 Al(σ a + σ s )I . Then
where I = (I out − I in ), and I = (I out + I in ) /2 is the ''average I ''. The extinction coefficient κ e which calculates the power attenuation rate per unit distance through the vegetation layer VOLUME 5, 2017 is defined as κ e = n 0 σ a + n 0 σ s (4) By taking the small length limit of l, a differential equation is obtained
The assumed properties of the elemental cylindrical volume [20] , [31] - [33] include the following: 1) The number of scatterers inside RTE cylindrical elemental volume must not be small.
2) The entire scatterer must be inside the elemental volume because σ a and σ s are calculated for an entire scatterer and not part of a scatterer.
3) The I on the right-hand-side of equation (5) is the average of I out and I in so that I out and I in are not much different.
To complete RTE derivation, a similar argument accounts for coupling through the scattering phase function p ŝ,ŝ which is the scattering from directionŝ into directionŝ. The phase function is caused by the scatterers inside the cylindrical volume. Then [25] , [32] , [33] 
The transmitted intensity, I t of RTE for an incident wave with intensity I inc is, ignoring the contribution of the phase function,
where θ i is the incident angle and d is the thickness of the vegetation layer. The optical thickness τ , in the radiative transfer approach, is τ = κ e d [25] . Then the transmission can be calculated as
Another common approach is using the distorted Born approximation [10] . The distorted Born approximation follows from the lowest order of the mass operator in the Dyson equation [34] , in which the mean fieldĒ is obtained for the vegetation layer as an equivalent medium with an effective permittivity ε eff [24] . This meansD = ε effĒ . The effective propagation constant is k eff = ω √ µε eff . Since the intensity is the square of absolute value of the electric field, the transmission is
where Im k eff indicates the imaginary part of k eff . Using Foldy's approximation [10] , [25] , which assumes a sparse concentration of scatterers, the effective propagation constant is
where k is the propagation constant of the background medium and f (k i ,k i ) is the forward scattering amplitude of a single scatterer.
Substituting equation (11) into equation (9) and using equation (6) for κ e , the transmission for DBA is obtained as t = exp (−κ e dsecθ i ). (12) where p(r a ) is the probability density function of scatterers' positions, S is the scattering matrix and N is the total number of scatterers. In Frisch [34] , the probability density function p(r a ), for the position of a scatterer is
This means that the scatterers are statistically homogeneously distributed in the 3D space. Then 
The vegetation layer of short cylinders is illustrated in FIG-URE 2. The figure shows that the RTE elemental cylindrical volume can be constructed for such a medium. The figure also shows that the probability density function of equation (13) of 3D statistical homogeneity also applies. However, for the extended cylinders of FIGURE 1, it is improbable to construct the RTE elemental cylindrical volume since the length of the extended cylinder is the same or comparable to the layer thickness. FIGURE 1 shows that the cylinders can be translated horizontally but vertical translation would move the cylinders out of the bounds of the layer. The case of extended-cylinder represents several vegetation types such as grass, wheat, canola, corn and the understory of forests. Two other observations of the formula are: 1) n 0 is clearly defined for the short cylinder case. Strictly speaking, n 0 is not defined for the extended cylinder case. It has been customary to use n a = n 0 d where n a is the number of cylinders per unit area [11] , [13] , [14] . 2) In the calculations of σ a and σ s , the entire cylinder of length L is used which means the entire cylinder from top to bottom receives the same incident electric fields. This does not apply to the extended-cylinder case since attenuation and scattering in the vegetation canopy will change the wave significantly before the wave hits the lower part of the cylinder.
To summarize, firstly, the geometries and positions of extended cylinders do not satisfy the assumption of elemental cylindrical volume used in the derivation of RTE. Secondly, RTE assumes uniform distributions of scatterers while in vegetation and forest canopies, the positions of scatterers are not uniform. The scatterers can be in dense clusters and in the other extreme, there can be large gaps between scatterers. Thus, in this paper, we use numerical solutions of Maxwell equations which can take into accounts these factors that are not addressed by RTE.
III. FORMULATIONS OF FL-BOR
Consider the case of N L scatterers illuminated by an incident plane wave. The Foldy-Lax multiple scattering equations are [25] , [35] Using the T matrix of an isolated scatterer,Ē scat n = G 0 T n E ex n . Previously, the numerical implementations of Foldy-Lax equations used the spherical wave expansions for both the Green's function G 0 and the T matrix T n [25] , [35] , [36] . However, spherical wave expansions are not suitable for cylinders which have large aspect ratios of length to radius. We use BOR which is for rotationally symmetric objects such as cylinders and disks. Huygen's principle is used to calculate scattering from one cylinder to another cylinder [25] .
where G 0 is the dyadic Green's function, andJ r and M r are the equivalent surface electric and magnetic currents, respectively. Substituting equation (16) into the Foldy-Lax equations, we obtain
Similarly, for magnetic fields, we havē
To solve equations (17) and (18) 
Matrix P is defined as
with each p i,j being a 6×4 matrix. p i,j calculates the scattered fields from section j to the section i caused by the equivalent surface currents on section j. In the derivations below, the radius of the cylinder is assumed to be much less than the wavelength. The assumption is valid for many vegetation types at L-and C-band such as grass and wheat. We assume here that the cylinders are vertically oriented. There is no conceptual difficulty in extending the formulation to cylinders with an orientation distribution and to cylinders with larger radius. In the vertically oriented case,t equalsẑ for all cylinders. As explained above, the scattered field from the cylinder itself is excluded in the Foldy-Lax equations. Thus, p i,j is 0 if j and i sections are on the same cylinder. For example, p 1,2 = 0 since both section 1 and section 2 are on cylinder 1. In mathematical notations,
where k = 1, 2, . . . , N L . Otherwise, the thin cylinder approximation is used to calculate p i,j as follows. According to equation (16) , the scattered fields from section j to the center of section i is calculated as
wherer i = x ix + y iŷ + z iẑ is center of section i.
Since the radius of the cylinder is much less than the wavelength (thin cylinder) and the section length z is chosen to be small,J (r ) andM (r ) are approximately constant within each section. Let the surface currents on section j beJ r j andM r j , which are decomposed into the two directionst andφ . For vertically oriented cylinders,t =ẑ andφ = −sinφ x + cosφ ŷ. Thus
Under the thin cylinder assumption, Green's function G 0 r i ,r can also be approximated by G 0 r i ,r j wherer j is the center of section j. The expression for the dyadic Green's function is
with I =xx +ŷŷ +ẑẑ,
From equation (21), G 0 r i ,r j can be written in the form
Next, the expression for the curl of the dyadic Green's function is
The surface integration can be expressed as
z j − z j /2 dz with a j , z j and z j being the radius, z component of the center position and the length of section j, respectively. Substituting these into equation (20), then
Similarly,
Thus equation (20) becomes
Similarly, for magnetic fields,
Substituting equations (25) and (26) into equation (19), the expression for the non-zeros p i,j is obtained as (27) where a j is the radius and z j is the length of section j. G z,ij = G xz,ij ; G yz,ij ; G zz,ij which is obtained from the expression for the dyadic Green's function G 0 r i ,r j in equation (21) . Similarly,F z,ij = F xz,ij ; F yz,ij ; F zz,ij is obtained from equation (22) . The expressions for the matrix P which relates the surface currents to the scattered fields are obtained. The next step is to relate the surface currents to the exciting fields, and for this, the BOR formulation [30] is used. In BOR, the surface currentsJ s (r ) andM s r are represented by locally oriented basis functions (t andφ ), which are expanded in Fourier series in theφ dimension making use of the rotational symmetry [30] , [37] . Therefore only 1-dimensional discretization is used in MoM, as shown in FIGURE 3. This is different from the usual surface integral equation where the Rao-WiltonGlisson (RWG) 2-dimensional vector basis functions are used to represent tangential surface fields on curved surfaces. The electric surface currents are solved as: are the onedimensional basis functions for electric surface current in thê t andφ direction, respectively. Since the radius of the cylinder is much smaller than the wavelength, only the zeroth Fourier harmonic (α = 0) is important. Thus, equation (28) becomes
Similarly, forM s r , are the one-dimensional basis functions for the magnetic surface current in thet andφ direction, respectively.
In this paper, the basis functions are chosen to be pulse functions with amplitude one for currents inφ direction currents and amplitude 1 2πa for currents int direction where a is the radius of the cylinder. Thus 
Using both the Electric Field Integral Equation (EFIE) and the Magnetic Field Integral Equation (MFIE), we have for the cylinder n that [30] 
where the subscript n denotes cylinder n. The details of the formulations are available in [30] and the matrix elements of β n are available on [30, pp. 23-28] . The testing functions are pulse functions with amplitude one. The column vector on the right-hand side is related to the excitation field. Substituting equation (32) to equation (31), we obtain
where z
is the modified inverse of the MoM system matrix for cylinder n which relates the excitation field to the surface current.
The BOR code, developed by Glisson and Wilton [30] , provides z −1 n . But the code [30] only calculates solutions for incident plane waves. For the present case, we study multiple scattering from one cylinder to another. Thus, we compute scattered field from one point on the cylinder to another point as the exciting fields and then convert the exciting fields to harmonics.V E andV H are results from integration of testing function with the excitation fields.J ,M ,V E andV H have botht andφ components and there are N S sections in total; therefore, z
where the subscripts t and φ denote thet andφ components, respectively. Pulse testing functions are used to obtain equations (34) and (35) as in [30] . Since the cylinders are vertically oriented, E ex t r = E ex z r , and E ex φ r = −sinφ E ex x r + cosφ E ex y r . As discussed before, the excitation fieldsĒ ex r on each section can be approximated by a constant value for the thin cylinders. As before, we use the excitation fields at the center of each section. Then, equations (34) and (35) become
Similarly, V H j,t = 2π a j z j H ex z r j , and V H j,φ = 0. Thus for section j,
where w The equations for all the cylinders are put in matrix form,
where
n is the modified inverse of the MoM system matrix for the cylinder n as in equation (33) . The exciting fields are related toV by the matrix
as in equation (38) .
W and substituting Equation (39) into (19), we have
Equation (40) is the final form of the Foldy-Lax multiple scatter equations derived from Maxwell equations where the matrix P is calculated using Huygen's principle and Q is calculated using the BOR technique. After the final exciting fields are solved, they are substituted into equation (39) to find the equivalent surface currents from which the absorption can be calculated.
Using Huygen's principle, the scattered fields from the vegetation canopy are obtained from the surface currents by superposition of the scattered fields from all the cylinders. Let the observation point be atr o . Following the derivations for P above, the same equations as (25) and (26) for scattered fields are obtained except replacingr j byr o . In matrix form, the final scattered fields atr o from all the cylinders arē
where 
IV. COMPARISON OF RESULTS USING FL-BOR AND FL-ICA
The Foldy-Lax multiple scattering equations and infinite cylinder approximation (ICA) were combined (FL-ICA) previously for scattering by vertical cylinders [4] , [38] . The approach was later applied to scattering by a rice canopy [1] , [2] . In the approach [4] , [38] , the dyadic Green's function and the fields including incident, exciting, internal and scattered fields are expanded in terms of vector cylindrical waves. The ICA is used to calculate the scattering by each cylinder. An iterative method is used to solve the unknown coefficients of the internal fields. An integration over dk z is used to represent the fields in various oblique directions. In the integration of dk z from minus infinity to infinity, evanescent waves in ρ are also included. Here, the results from the first-order FL-ICA and FL-BOR are compared. The interactions between different cylinders are not taken into account in the first-order solutions.
Following the methods in [4] and [38] , the first-order solution for FL-ICA is
where N L is the total number of cylinders,r o andr j are the positions of the observation point and the center of cylinder j, respectively. The derivations for equation (42) and the definitions for the other terms such as c
, a j and so on are listed in the Appendix.
For the first-order FL-BOR, equation (15) becomes
The first-order exciting fields are substituted into equation (39) to find the surface currents without the calculations of P. The final scattered electric fields are obtained from equation (41a). We compute the scattered fields from the vegetation canopy consisting of extended cylinders randomly and uniformly distributed in 1 m 2 area, as shown in FIGURE 1. Typical parameters for grass are used with 1mm radius, 30cm 
where the incident field is normalized to one. The same parameters of the cylinders are used as before with 100 cylinders for simulation. The observation point is chosen to be far away so that 
V. SIMULATION PROCEDURES OF TRANSMISSION, REFLECTION, ABSORPTION AND FIELD PROFILE
We use Monte Carlo simulations to calculate the transmission, reflection and absorption of a vegetation canopy composed of dielectric cylinders. For each realization, a large number of cylinders, as many as 500, are generated. For each realization, the solutions of electromagnetic fields and equivalent surface currents on the cylinders are calculated by FL-BOR. The FL-BOR calculations are repeated for each realization. For the calculations of transmission and reflection ( Figs. 1 and 2 ), we use a receiver of area of one square wavelength to calculate the power received in reflection and transmission. In numerical simulations in this paper, we simulate this scenario by fixing the position of the receiver and shuffling the positions of the cylinders from realization to realization. The receiver is fixed at the center below the layer for transmission and at the center above the layer for reflection ( Figs. 1 and 2) .
A. TRANSMISSION THROUGH THE VEGETATION CANOPY
We first calculate the power received by the ''receiver'' of one square wavelength in size. The ''receiver'' is put at 1cm below the center of the bottom boundary of the vegetation canopy. Thus, the center of the ''receiver'' is atr cb = [L/2, L/2,
where L × L is the area occupied by the cylinders. The intensity transmitted downward at the observation pointr o is
withĒ
where the superscript 'tot' denotes the total field, which is the sum of the incident and the scattered fields from all the cylinders. The scattered fields are calculated from FL-BOR using equations (41a) and (41b). The transmitted Poynting vector at the observation pointr o is defined as
whereS tot (r o ) andS inc (r o ) are the total and incident Poynting vector, respectively.
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We next consider an area of λ × λ to define transmission as follows.
T s is the normalized transmitted power received by a λ × λ ''receiver'' put right below the center of the vegetation layer (Figs. 1 and 2 ) which is normalized by the incident intensity. The transmission t for the vegetation canopy is obtained after averaging over all N r realizations:
where β is the incident polarization and θ i is the incident angle. T s is the normalized transmitted power at each realization. The number of realizations N r is chosen to be large enough so that t converges. It is to be noted that the transmission is calculated by solving the Foldy-Lax equations without the need of defining nor calculating the attenuation rate per unit distance κ e .
B. OPTICAL THICKNESS τ FROM NMM3D SIMULATIONS
Since NMM3D only calculates transmission, we define τ in NMM3D as
where θ i is the incident angle.
C. ELECTRIC FIELD PROFILE INSIDE THE VEGETATION CANOPY
Using FL-BOR, we can calculate the total fields anywhere including inside the vegetation canopy. The electric field profile inside the vegetation canopy is the absolute value of the total electric field of the vegetation canopy. Because the vegetation layer is horizontally statistical invariant, we choose the center line as indicated by the red dashed line in FIGURE 1. From the profile, we can observe the change of the total electric field as the wave propagates through the vegetation canopy. The magnitude of the electric field
where z is from z = 0 to z = −d since the observation point is inside the vegetation canopy. The x and y component of the observation point are both at L/2. The electric field is that of outside the cylinder. The realizations where there is a cylinder located on the center axis are discarded because this corresponds to fields inside the cylinder and not outside the cylinder. The probability for the point to fall inside the cylinder is low since the volume fraction of the scatterers in the vegetation canopy is low (0.20% for the extended-cylinder case). Thus only a few realizations are discarded.
D. REFLECTION FROM THE VEGETATION CANOPY
The λ × λ ''receiver''is placed 1cm above the center of the upper boundary of the vegetation layer, as shown in Figs. 1 and 2 highlighted using purple. (i.e. the λ × λ ''receiver'' is centered atr cu = [L/2, L/2, 0.01].) Using the idea of shuffling the cylinders instead of moving the ''receiver'', the reflection r is averaged over realizations
where (41). It is noticed that the scattered fields are used instead of the total fields since the reflection comes from the scattering of the scatters inside the vegetation canopy. S s (r o ) · ẑ calculates the intensity going up atr o which is the reflected intensity.
E. ABSORPTION BY THE VEGETATION CANOPY
Absorption is the power absorbed by all the cylinders in the vegetation canopy. The power absorbed by a cylinder is [33] 
where ε c is the imaginary part of the permittivity of the cylinder andĒ int is the internal electric field. Since the radius of the cylinder is small, we approximate the internal electric field by the surface electric field whose magnitude is the same as that of the surface magnetic current. Then
where πa 2 j z j is the volume of section j andM j is the surface magnetic current of section j calculated in FL-BOR.
Next, the averaged absorption for each cylinder inside the center λ×λ area in the vegetation canopy is obtained by averaging over many realizations. Finally, the absorption by the vegetation canopy (a β (θ i )) is the total number of cylinders multiplied by the averaged absorption for each cylinder, and then normalized by the incident power,
where N L is the total number of cylinders simulated, P a is the averaged absorption for each cylinder over many realizations, and S is the simulated area. 
F. EMISSIVITY OF THE VEGETATION CANOPY
In passive microwave remote sensing, the brightness temperature T B at angle θ i for polarization β is [20] 
where e β (θ i ) is the emissivity at angle θ i for polarization β. T is the physical temperature. The emissivity is equal to one minus the integration of bistatic scattering and transmission of the vegetation canopy over hemispherical solid angles. In the NMM3D simulations of transmission and reflection described previously, the transmission and reflection ''receivers'' capture all the bistatic transmission and scattering. Thus, the present simulation procedure does not require angular integrations. Then the emissivity of the vegetation canopy is
where the transmissivity t β (θ i ) is given by equation (49), reflectivity r β (θ i ) is given by equation (52) and absorption a β (θ i ) is given by equation (56).
VI. SIMULATION RESULTS OF TRANMSISION, REFLECTION AND ABSORPTION FOR SHORT AND EXTENDED CYLIDNERS
In this section, the NMM3D simulation results for the cases of extended cylinders and short cylinders are presented. The simulations are at C-band (5.4 GHz) with V-polarized incident plane wave, that is β = V and incidence angle θ i is 40 degrees.
A. NMM3D SIMULATION RESULTS OF TRANSMISSION AND COMPARISON WITH EP/DBA/RTE 1) THE EXTENDED-CYLINDER CASE
The density of the cylinders in the vegetation canopy is set at 2122 per m 2 , corresponding to vegetation water content (VWC) 1kg/m 2 which is a typical value for grass fields.
Note that for such cases the average spacing between cylinders is less than half a wavelength. We compute results for 100 and 500 cylinders (N L ). They occupy an area (S) of 0.217×0.217 m 2 and 0.485×0.485 m 2 , respectively. The parameters for the cylinders are the same as those used in section IV. The layer thickness d is 0.3 m which is the same as the cylinders' lengths. Two distributions are simulated: one is uniformly distributed and the other is distributed in clusters with five cylinders per cluster, as shown in FIGURE 6 (a) and (b), respectively. FIGURE 6(c) shows the top view of a cylinder cluster for the clustered case. The transmitted Poynting vector T s,p defined in equation (47) at different observation points within an area λ × λ centered atr cb for two realizations using 500 cylinders is shown in FIGURE 7 and FIGURE 8 for the uniform distribution and clustered distribution, respectively. Note that the transmitted Poynting vector can be larger than unity, because of constructive or destructive interferences of the scattered waves from all the cylinders and the incident wave (speckle fluctuations). It can be seen that the transmitted Poynting vector fluctuates significantly over the λ×λ area. The figures show that the transmitted Poynting vector in the clustered case fluctuates more than that in the uniform case. This is because the scattered field at the point right below one cluster composed of five cylinders is significantly different from that at the point not below the cluster. In comparison, the fluctuations of the scattered field are less for the uniform case. FIGURE 9 (a) and (b) show histograms of the 100 realizations. It is observed that for the clustered case, T s has larger fluctuations between realizations than it has for the uniform case. For the simulation using 100 cylinders, the standard deviation of T s is 0.2017 for the clustered case and 0.0591 for the uniform case. For the simulation using 500 cylinders, the standard deviation of T s is 0.2144 for the clustered case and 0.0385 for the uniform case. Results are convergent after 100 realizations. The results of transmission t using NMM3D simulations are listed in TABLE 1. For the uniform case, t is 0.6874 and 0.6124 for the 100-cylinder simulations and 500-cylinder simulations, respectively. For the clustered case, t is 0.7527 and 0.7044 for the 100-cylinder simulations and 500-cylinder simulations, respectively. Comparing the NMM3D results for the 100-cylinder and 500-cylinder simulations, there are small differences. A larger number of cylinders with a larger area will be studied in the future to study the sensitivity due to variations of the number of cylinders.
For comparison, the transmission through the vegetation canopy is also calculated by EP/DBA/RTE using equation (8) . The extinction κ e is calculated using equation (4) and the standard procedures are used to calculate n 0 , and σ a and σ s for one cylinder [20] , [31] - [33] . The κ e is calculated to be 4.4914m −1 and thus the transmission computed from EP/DBA/RTE is 0.1722 which is also listed in TABLE 1. It can be seen that the transmissions from NMM3D simulations of the 500 cylinders are 3.56 times (5.51 dB) and 4.09 times (6.12 dB) larger than that from EP/DBA/RTE, for the uniform distribution and clustered distribution, respectively. Thus, the attenuation of EP/DBA/RTE is much larger than that of NMM3D for the case of extended cylinders.
In EP/DBA/RTE, τ = κ e d. The values for τ are tabulated in TABLE 2. The results for the extended-cylinder case show that τ NMM 3D from NMM3D 500-cylinder simulations are 3.6 and 5.0 times smaller than the τ from EP/DBA/RTE for the uniform distribution and clustered distribution, respectively.
2) THE SHORT-CYLINDER CASE
NMM3D full wave simulations are next applied to the shortcylinder case as shown in FIGURE 2 where the short thin cylinders are uniformly distributed in 3D in the vegetation TABLE 1. Transmission through vegetation layer for the extended-cylinder case with uniform and clustered distributions computed from EP/DBA/RTE and NMM3D simulations. 100 cylinders and 500 cylinders are used in NMM3D simulations. layer. There are 720 cylinders in total. The average spacing between the cylinders is about 10cm (∼1.8λ). The simulation area is 1m × 1m. The radius and length of the cylinders are 1mm and 3cm, respectively. The total vegetation canopy height is 60cm and the incident angle is 40
• . The histogram of the averaged transmitted Poynting T s for 100 realizations is presented in FIGURE 10 . The standard deviation of T s is 0.0188. The computed transmission t through vegetation layer using NMM3D is 0.9097. In EP/DBA/RTE, κ e is calculated to be 0.1368m −1 and thus the transmission is 0.8984 as calculated using equation (8) . The results for transmission from NMM3D simulations and EP/DBA/RTE agree with each other for the case of short cylinders.
The optical thickness τ NMM 3D from NMM3D simulations is 0.0725. In comparison, τ from EP/DBA/RTE is 0.0821, which is close to that from NMM3D.
B. ELECTRIC FIELD PROFILE SIMULATIONS
The profiles for the extended-cylinder case from NMM3D simulations and EP/DBA/RTE are plotted in FIGURE 11. For EP/DBA/RTE, the absolute value of the total effective electric fields inside the vegetation canopy is
where z o is the z component of the observation pointr o . It can be seen that the electric fields computed from EP/DBA/RTE are attenuated more in the vegetation canopy than those from NMM3D simulations. At the bottom of the vegetation canopy (i.e. z = −0.3m), the averaged total electric field from NMM3D simulations is about twice larger than that from EP/DBA/RTE. Since power is electric field squared, it is about four times larger from NMM3D simulations, compared with EP/DBA/RTE. FIGURE 11 shows that the electric field profiles from NMM3D simulations show approximately exponential decay merely at the top 5cm of the vegetation layer (i.e. z = 0 to z = -0.05m). EP/DBA/RTE gives exponential decay for the entire profile. The fluctuations of the total electric fields from NMM3D simulations are due to the interference of the incident field and the scattered fields from all the cylinders.
The profiles for the short-cylinder case from NMM3D simulations and EP/DBA/RTE are plotted in FIGURE 12. It can be seen that the two profiles agree with each other except that there are fluctuations in the NMM3D simulation results.
C. SIMULATION RESULTS OF REFLECTION AND ABSORPTION, AND ENERGY CONSERVATION CHECK FOR BOTH EXTENDED-CYLINDER AND SHORT-CYLINDER CASES
The reflection from NMM3D simulations using 500 cylinders for the extended-cylinder case is 0.0020 and 0.0045 for the uniform distribution and clustered distribution, respec- tively. The absorption from NMM3D simulations is 0.4030 for the uniform distribution. For the clustered distribution, there are 100 five-cylinder clusters and the clusters are uniformly randomly distributed in the vegetation area. We calculate the averaged absorption of the four clusters closest to the center of the vegetation canopy in each realization. The absorption is also calculated by equation (56) after replacing N L by the number of clusters and P a by the averaged absorption for each cluster over many realizations. The absorption from NMM3D simulations is 0.3249 for the clustered distribution.
For the short-cylinder case, the reflection and absorption from NMM3D simulations are 0.0023 and 0.0920, respectively.
For energy conservation, the sum of transmission, reflection and absorption should be unity. The sums of the transmission, reflection and absorption from NMM3D simulations for the different cases are listed in TABLE 3, which shows 1.0174, 1.0338 and 1.0040 for the extended-cylinder case with uniform distribution, the extended-cylinder case with clustered distribution, and the short-cylinder case, respectively. It can be seen that the results for all of them are close to 1. In the future, a larger number of cylinders will be used to study the sensitivity of energy conservation with respect to the number of cylinders.
VII. CONCLUSIONS
In the past, the common approaches of studying propagation of microwaves through vegetation are using RTE and FIGURE 11. Profile of the averaged total field inside the vegetation canopy composed of extended cylinders. The red-dash line is for NMM3D simulations using uniform distribution, the blue line is for NMM3D simulations using clustered distribution, and the black-dot line is for EP/DBA/RTE. DBA. We showed that the derivation of RTE is based on the assumption of cylindrical elemental volumes. The concept of cylindrical elemental volumes is applicable to short cylinders and small particles, but is difficult to apply to extended cylinders. We noted that the attenuation constant κ e used in EP/DBA/RTE is based on the assumption of 3D statistically homogenous distribution of the scatterers. The attenuation rate κ e is not a result from Maxwell equations. In the calculation of attenuation constants in RTE and DBA, the scattering and the absorption cross sections of entire cylinders are used. The cross sections of such extended cylinders are large, making the attenuation constant a large number. Thus, in this paper, we use a new approach of NMM3D full wave simulations which is used to calculate transmission, reflection and absorption of the vegetation canopy composed of many vertically oriented dielectric thin cylinders. The results are significantly different from past approaches for the case of extended cylinders. The correctness of the FL-BOR simulation method is validated by comparing with FL-ICA and checking the energy conservation. The NMM3D simulations are performed at C-band for vertical polarization and applied to the extended-cylinder case and the short-cylinder case. The results are compared with those from EP/DBA/RTE. The results from the NMM3D and EP/DBA/RTE agree for the short-cylinder case. For the example of extended-cylinder case, the transmission from the NMM3D is 6.12 dB larger than that from EP/DBA/RTE while the optical thickness τ from the NMM3D is 5.0 times smaller than that from EP/DBA/RTE.
The NMM3D method and results, presented in this paper, are studied in the context of airborne and satellite active and passive microwave remote sensing of vegetated surfaces. The significant differences in results from those of RTE and DBA suggest that there is a need to make theoretical predictions using NMM3D simulations to re-evaluate the ability of microwaves to penetrate vegetation canopy of extended cylinders which is the characteristic of many vegetation and forest types. The physical process of radiative transfer at microwave frequencies is governed exactly by Maxwell equations. The radiative transfer equation (RTE) makes assumptions on radiative transfer and such assumptions can be invalid. The NMM3D methodology described in this paper can also be used for wireless communications through vegetation canopy, foliage penetration radar, and waves in wire-like metamaterials.
The paper presents first results based on a new approach of vegetation effects in microwave propagation, scattering and emission in vegetation. For future studies, other frequencies such as P-band, L-band, X-band, Ku-band and Ka-band should be considered. Other polarizations such as H polarization and cross polarizations should be considered. Orientation distributions should also be considered. The phase shifts of the transmitted wave relative to the incident wave will be calculated. The NMM3D simulations results in this paper are computed using a single PC with Intel Core i7-4790 CPU and 32 GB RAM. We are presently writing codes for parallel computing to facilitate studies of a larger number of cylinders over a larger surface area, and to study a large variety of cases mentioned above. [25] , [29] The detailed derivation can be found in [29, secs. 1 and 2, Ch. 5] and a brief derivation using operator notation following the methods in [29] is presented here.
APPENDIX

A. DERIVATION OF FOLDY-LAX MULTIPLE SCATTERING EQUATIONS
Considering N L scatterers, the Maxwell equations give [25] , [29] 
where G is the exact Green's function for the problem, G 0 is the unperturbed Green's function and U n is the scattering potential for scatterer n. Then
Next, define
Multiply both sides of equation (A.4) by U m ,
Then,
Thus,
Since the transition operator for scatterer m [25] , [29] is Equation (A.13) is the Foldy-Lax multiple scattering equations which state that the final exciting field on scatterer m is the sum of the incident field and the scattered fields from all other scatterers except m itself. It is to be noted that in the derivations of (A.13) above, no approximations were made. [4] , [38] The scattered fields of the vegetation at the observation points is the sum of all the scattered fields from all the N L cylinders modelling the vegetation particles.
B. FL-ICA WITH FIRST-ORDER ITERATION
wherer o is the location of the observation point. Let the center of the jth cylinder ber j = x j , y j , z j . Using Huygen's principle [25] , the scattered fields from the jth cylinder are Using the infinite cylinder approximation (ICA) [25] , the internal fields are expressed in terms of vector cylindrical waves:
The vector cylindrical waves have the relation that ∇ × RgM n k ρ , k z ,r = kRgN n k ρ , k z ,r (B.9)
∇ × RgN n k ρ , k z ,r = kRgM n k ρ , k z ,r (B.10)
where k = k 2 ρ + k 2 z . The free space Green's function G 0 can also be expanded using vector cylindrical waves centered atr j as [25] G 0 (r,r ) = −ẑẑ n ,j (−k iz ) are obtained using ICA for a single cylinder [33] . After substituting equations (B.13) and (B.14) to (B.12), the first order scattered fields from cylinder j arē 
